A detailed description of the microscopic nature of electronic conduction in mixed-phase silicon thin films near the amorphous/nanocrystalline transition is presented. A conduction model utilizing both the conductivity and the reduced activation energy data, involving the parallel contributions of three distinct conduction mechanisms, is shown to describe the data to a high accuracy, providing a clear link between measurement and theory in these complex materials. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
There are many potential technological applications for mixed-phase hydrogenated amorphous/nanocrystalline silicon (a/nc-Si:H) thin films, including photovoltaic devices 1 and thin film transistors, 2 which have motivated research efforts to elucidate the basic electronic conduction mechanisms in these materials. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] An understanding of charge transport in mixed-phase films must account for the material's inherent complexity, which consists of a mixture of crystalline silicon in the form of small nanocrystals (ncs) 3-20 nm in diameter, hydrogenated amorphous silicon (a-Si:H), disordered grain boundary (GB) regions between adjacent crystallites and nanoscale voids. 13 We have previously reported the influence of relatively small concentrations of nanocrystalline inclusions (crystal fractions X C < 30%) on the electronic transport properties of undoped 14 and doped 15 hydrogenated amorphous/nanocrystalline silicon (a/nc-Si:H) films. In Ref. 15 , conductivity measurements over a wide temperature range (10-470 K) for n-type doped a/nc-Si:H clearly indicated that three transport mechanisms were active within the films; thermally activated conduction for high temperatures and low X C , variable range hopping (VRH) for low temperatures and high X C , and multi-phonon hopping (MPH) for intermediate temperatures and X C . The microscopic states responsible for VRH were suggested to be band tail states, with the transition between MPH and VRH resulting from the freeze out of acoustic phonons at low temperatures. In order to illuminate the microscopic nature of conduction and the crossover between conduction mechanisms, we describe in this work detailed analysis of charge transport in n-type doped a/nc-Si:H films. The data are constrained by both the conductivity and the logarithmic derivative of the conductivity, known as the reduced activation energy, w(T), [16] [17] [18] resulting in little ambiguity in the fit parameters. Thermal equilibration data establishes the dominate phase through which the conduction occurs above room temperature in the films and provides independent confirmation of the conductivity data analysis.
II. SAMPLE PREPARATION AND STRUCTURAL CHARACTERIZATION
The films studied here were synthesized in a dualplasma co-deposition system, described in detail elsewhere. 18 Briefly, the system consists of two low-pressure plasma enhanced chemical vapor deposition (PECVD) reactors; an upstream nanoparticle (np) reactor, composed of a 3/8 in. quartz tube with ring electrodes similar to the system developed by Mangolini and Kortshagen, 19 and a downstream capacitively coupled film reactor. Both reactors use silane (SiH 4 ), argon, and phosphine (PH 3 ) as the process gases; the doping level was set by the gas phase ratio, which was [PH 3 
À4 for all the films studied here. In the np reactor, the plasma conditions are set to high power and pressure (70 W, 1.7 Torr) to promote the growth of nanoparticles, which are then entrained by the argon and injected into the film reactor at a lower power and pressure (5 W, 0.7 Torr). The total gas flow was set to 90 sccm for all the films produced here. The crystallinity was varied both by the argon to silane ratio, ranging from 15 to 35, and the location of the substrates in the deposition chamber relative to the flow path of the nanoparticles. The typical film thickness is $2 lm, with one film (X C ¼ 29%) being 250 nm.
The crystalline fraction, X C, is determined using Raman spectroscopy with a 514.5 nm argon ion laser at a power of 5-7 mW. X C is calculated using the standard method of comparing the integrated intensity of the transverse optical (TO) modes ascribed to the different phases
where I 480 , I 520 , and I 510 are the integrated areas of the amorphous TO, the nanocrystalline TO, and the grain boundary TO modes, respectively. Further details concerning the fitting procedure can be found in a previous publication. 14 The Raman spectra for the films in this work are plotted in Figure  1 having a crystalline content of almost 30%. X-ray diffraction (XRD) analysis of the peak widths indicates the crystallites have dimensions of 15 nm in the (111) direction and 7 nm in the (220) and (311) directions, with the (111) being the most intense peak. The nanocrystalline TO peak in the Raman spectra is centered at 517-519 cm
À1
, which is consistent with the crystallite size estimate from XRD. 20, 21 
III. CONDUCTION MECHANISMS
For low temperatures (T < 100 K) and high X C (15 X C 29%), a linear temperature dependence for ln(r) against T À1/4 was observed, which we attributed to VRH. For hopping through states in the exponential band tails of a/nc-Si:H, we expect the following expression for the temperature dependence of the conductivity: 22, 23 
We will refer to this form of VRH as Exponential-VRH (Exp-VRH) to distinguish it from Mott-VRH 24 or EfrosShklovskii VRH, 25 which require different functional forms for the density of states (DOS) near the Fermi level. When coupled with the localization length a, an estimate of the DOS at the Fermi level, g(e F ), can be obtained from the fit parameter T 0 . Using a model of transport in band tail states where the localization parameter g(e F )a 3 is varied and the temperature dependent conductivity is calculated, Godet has empirically determined the relationship between T 0 and g(e F ) to be:
where k B is Boltzmann's constant. For the high X C films (15 X C 29%) at intermediate temperatures (100-300 K), the data are well described by a power-law temperature dependence, which has been observed in several other systems containing structure on the nanoscale, [26] [27] [28] [29] [30] and is most often ascribed to MPH. In the standard description of MPH, 27, 28, 31 electrons are weakly localized and preferentially coupled to phonons with wavelengths close to the electron's localization length, i.e., long wavelength, low energy acoustic phonons, thereby requiring multiple phonons in order to achieve a given transition. For the low temperature, dark conductivity, the rate-limiting step is the absorption of p phonons to hop to a state higher in energy. Using the standard expression for hopping transport, 32 we can express the conductivity due to MPH as:
where S is the edge-to-edge distance between nanocrystallites, R is the center-to-center distance between nanocrystallites, e is the electron charge, n c is the density of charge carriers, a is the localization radius, E M is a measure of the electron-phonon coupling, and n BE ( 0 ) is the Bose-Einstein distribution for phonons with a frequency of 0 . As transport occurs via weakly localized electrons with a large localization radius, we distinguish the center-to-center distance of the sites (R) that controls the effective distance hopped from the edge-to-edge distance (S) that determines the wavefunction overlap. The difference between the R and S parameters is illustrated in Figure 2 . For our samples, we expect that hopping in this temperature range occurs between ncs, where the hopping state is a partially delocalized electron confined to a single nc. At high temperatures (T > 300 K) and 0 X C 20%, the conductivity data are well described by an activated temperature dependence,
where E A is the activation energy. An apparent "kink" in the conductivity at temperatures near 400 K exists for n-type a-Si:H due to the thermal equilibration of the defect and dopant states. 33 Thermal equilibration effects should not be present in pure nanocrystalline silicon and provides a means to distinguish between activated charge transport in the amorphous or nanocrystalline phase of the material.
IV. RESULTS

A. Conductivity data
Each data set for the 15 X C 29% samples was fit over their full temperature range using an expression that represents the sum of all possible conduction mechanisms
FIG. 1. Raman spectra for the a/nc-Si:H films studied in this work, with crystal fractions (X C ) ranging from 0% to 29%. The crystal fraction is assigned based on the integrated intensities of the a-Si TO peak ($480 cm À1 ), the nc-Si TO peak ($520 cm À1 ), and the grain boundary peak ($510 cm À1 ).
FIG. 2.
Cartoon sketch of several nanocrystallites illustrating the differences between the multi-phonon hopping parameters in Eq. (4). S is the edge-toedge distance, which affects the wavefunction overlap term, while R is the center-to-center distance that affects the effective distance that is traversed with each hop.
where r VRH , r MPH , and r ACT represent the contribution to the conductivity from variable range hopping, multi-phonon hopping, and activated conduction, respectively. At the lowest temperatures, Exp-VRH was the only mechanism active, allowing r VRH to be fit first in order to fix these parameters for the remainder of the temperature range. In addition, the fit was constrained by the reduced activation energy, w(T) ¼ dlnr/dlnT, that proved to be more sensitive to changes in the fit parameters. Many fit parameters that yielded adequate fits to the conductivity data were not consistent with the temperature dependence of the reduced activation energy, w(T). In Figure 3(a) , the fits for the conductivity data are plotted, with the data and fits in the top panel and the error (|measured-calculated|/measured) in the lower panel. The error is at most 10% through a wide temperature range (10-470 K) and over several orders of magnitude in conductivity. Figure 3(b) shows the fits to w(T), where we also find excellent agreement. Due to the inherent difficulties in using an analytical form for the activated portion of the conductivity due to thermal equilibration effects, we found that using a scaled version of the 7% film's conductivity for r ACT resulted in very good agreement with the measured data for the 15% and 20% films. The 29% sample required no activated component in order to be fit over the entire temperature range.
In Figure 4 , the density of states at the Fermi level, g(e F ), determined from T 0 using Eq. (3), is plotted as a function of X C . The localization length (a) is taken to be 1.5 nm; previous studies have measured a to be in the range of 1-1.8 nm. 8 The g(e F ) values are found to scale linearly with X C , following the relation g(e F ) ¼ (1.3 Â 10 19 eV À1 cm À3 ) Â X C . The Exp-VRH model does not explicitly take into account the presence of an insulating amorphous phase along with the conductive ncs through which transport is occurring. Therefore, as the crystal fraction is increased, we would expect the apparent DOS as measured by T 0 to increase as well. From this scaling, the g(e F ) for the nanocrystalline phase is calculated to be $1.3 Â 10 21 eV À1 cm
À3
. A linear relationship holds regardless of the estimated a value, but the extrapolated g(e F ) for X C ¼ 100% varies with a, with g(e F ) $ 7.6 Â 10 20 eV À1 cm À3 and 2.6 Â 10 21 eV À1 cm À3 for a ¼ 1.8 and 1.2 nm, respectively. While Godet's analysis assumes a homogenous distribution of states, a/nc-Si:H is clearly heterogeneous. However, if the distribution of strained bonds comprising the exponential DOS surrounding each nc is similar and can be considered a homogenous phase, then Godot's expression can be applied to conduction limited by that phase. The dependence of g(e F ) on X C (Fig.  4) , displaying a linear dependence on X C , is consistent with this assumption. The spatially heterogeneous nature of the DOS of mixed-phase silicon is important to consider when examining the resulting values for g(e F ) obtained via the T 0 parameter in hopping conduction.
The observations of a r $ exp[À(T 0 /T) 1/4 ] temperature dependence in mixed-phase silicon for many different doping levels 6, 8, 12 supports the identification of BT states, rather than active dopant sites, as the primary hopping sites, as BT states exist in all incarnations of mixed-phase silicon. The T 0 values obtained for undoped 6 and lightly doped 8 films are much larger than the T 0 values measured for our heavily doped samples, indicating a smaller g(e F ), as would be expected for hopping through states deeper in the band tails or through the valence BT, which has a broader distribution than the conduction BT 34 and therefore contains more states to fill.
The MPH expression for the conductivity (Eq. (4)) contains considerably more parameters than the Exp-VRH equation (Eq. (2)). In order to minimize the number of fitting À1 cm À3 ) Â X C, to X C ¼ 100%, the g(e F ) for the nanocrystalline phase (X C ¼ 100%) is estimated to be $1.3 Â 10 21 eV À1 cm À3 . A localization radius of 1.5 nm was assumed.
parameters, we fixed as many of the variables as possible. Both R and S were determined from the average crystallite size, d, and X C , with R being the average center-to-center distance of the ncs and S ¼ R -d. We estimate n c using the gas phase doping, assuming 50% incorporation of the phosphorus from the gas phase to the solid phase and 100% dopant activation within the ncs. 3 This leaves only E M , 0 , and p as fitting parameters, listed in Table I .
The E M values in Table I are on the order of 10 meV for all of the samples investigated, much higher than values of 25 and 60 leV determined by Shimakawa and coworkers in a-Ge 27 and a-C, 28 respectively. If values for E M in the range of 10-100 leV are used, unphysically large R values on the order of a few microns are obtained. The parameter 0 was found to be the same for all the samples and corresponds to a phonon temperature of $130 K, indicating a phonon wavelength of $3.3 nm, 35 slightly smaller than the average radius of nc.
B. Thermal equilibration
In order to ascertain whether the high temperature thermally activated charge transport occurs through the amorphous tissue or through the ncs, we have characterized the changes in the conductivity due to thermal equilibration effects, measured as a function of the quench-rate from a high temperature anneal. 33 Thermal equilibration is intimately related to the doping mechanism in amorphous semiconductors, 36 described using a chemical reaction model involving bond reconstruction mediated by hydrogen motion. Doping in the nanocrystalline phase occurs by traditional substitutional doping 7 and one would not expect any thermal equilibration effects, making it an effective tool to differentiate between conduction through the amorphous or nanocrystalline phase.
The films were annealed at 470 K for 30 min and then quenched to room temperature at various cooling rates, ranging from 0.1 to 100 K/min. The conductivity of the film was then measured in the dark upon warming at a constant rate of 1 K/min. For a conventional, doped a-Si:H film without nanocrystalline inclusions, the magnitude of the conductivity and its activation energy below the equilibration temperature, T E , ($400 K) are sensitive to the rate at which the sample is cooled from a high temperature anneal, while above T E the conductivity is independent of thermal history. In order to quantify the degree of variation between fast and slow cooling, we define a metric called the "conductivity gap" (r gap ),
where r fast is the conductivity at a given temperature following the fastest cool (100 K/min) from a high temperature anneal and r slow is the conductivity at the same temperature following the slowest cool (0.1 K/min). If no change is observed with either fast or slow cooling, r gap will be zero. The thermal history dependence of the dark conductivity is presented as an Arrhenius plot of the conductivity in Figure 5 . It is clear that as the nanocrystalline content increases, the difference between the conductivity in the slow and fast cool states at a given temperature decreases. In Figure 6 we plot the conductivity gap, r gap , at 350 K. There is relatively little change in r gap for the low X C films, being 1.32 and 1.30 for the 0% and 7% films, respectively. This is followed by a dramatic decrease to values near zero when X C > 15%, where r gap is 0.33, 0.15, and 0.06 for the 15%, 20%, and 29% samples, respectively.
V. DISCUSSION
The magnitude of the conductivity in the low temperature Exp-VRH hopping temperature range is determined by the DOS at the Fermi level where the BT states reside, most likely in the GB regions surrounding the nanocrystallites. From an extrapolation of our T 0 values, we have determined TABLE I. Fit parameters for MPH between delocalized electrons within the nanocrystals. The density of nanocrystals is given by q nc . R is set to 1/q nc 1/3 , and S ¼ R -d, where d is the average grain diameter of $9 nm as measured by XRD. The density of charge carriers, n c , is calculated from the gas phase doping. g(e F ) for the GB region surrounding the ncs, to be $1.3 Â 10 21 eV À1 cm À3 , a large density of states that is close to the value often estimated for the bottom of the conduction or valence bands (VBs) in mixed-phase 37 and amorphous silicon. 38 The GB region resembles a-Si:H rather than nanocrystalline silicon, due to its disordered nature and the inclusion of hydrogen, resulting in a band gap of $1.8 eV, greater than the gap in the nanocrystalline regions (1.1 eV), which are large enough to not exhibit significant quantum confinement of the electronic energy levels. 13 Previous studies have found that the difference in band gaps between amorphous and crystalline silicon results in a band offset primarily between the VBs, with the conduction bands (CBs) quite close in energy. 39 The Fermi level will be at or in the CB in the heavily doped crystalline regions, residing very close to the CB in the GB region, consistent with our estimation of a large g(e F ). This situation is depicted in Figure 7 , which shows the interface between two nanocrystallites including the GB region. Applying Fig. 7 to the MPH region, the GB regions form barriers around the nanocrystallites such that electrons must absorb energy from phonons in order to hop between nanocrystals. The total energy required for a hop, p Â h 0 , is $50 meV, in the range of the CB offset between amorphous and crystalline silicon. 39 At higher temperatures, transport may occur through both the nanocrystalline and amorphous phases. For the 29% sample, no activated component is required to fit the data over the entire temperature range (10-470 K), indicating that the amorphous matrix does not carry a significant fraction of the current at any temperature investigated here, whereas the 15% and 20% films clearly indicate a kink in an Arrhenius plot due to thermal equilibration, a hallmark of a-Si:H conduction. 33 Using our model of conduction in mixed-phase silicon, the fractional conductivity due to each transport mechanism is computed as a function of temperature, defined as r i /r tot , where i ¼ VRH, MPH, or ACT, shown in Fig. 8 . The increasing importance of MPH and the decreasing contribution from activated conduction as X C increases is visible, until there is no measurable activated conduction in the 29% sample. For all of the samples, VRH dominates over a comparable temperature range; VRH persists to higher temperatures with increasing X C . One point clearly illustrated in Fig. 8 is that, if only a small temperature range is investigated, it is likely no one mechanism will dominate the charge transport, frustrating attempts to describe the conductivity in a/nc-Si:H using only a single conduction path.
These calculations allow us to make quantitative comparisons between the thermal equilibration effects in the X C ¼ 0% and 7% films and the 15% and 20% films. Examination of the conductivity gap (r gap ) plot ( Figure 6 ) indicates that the 0% and 7% samples both have comparable values of r gap $ 1.3, while for the 15% and the 20% samples, we observe r gap values of 0.33 and 0.15, respectively. Using the r gap of the 0% film (1.32) as a reference, where 100% of the conduction is through the amorphous silicon, we can scale r gap using our calculated fractional conductivities at the temperature where the conductivity gap is measured (350 K). For the 15% and 20% samples, where the activated fractional conductivities are 29% and 13% of the total conduction at 350 K, we calculate a predicted conductivity gap of 0.38 and 0.18, respectively, in very good quantitative agreement with the observed values of 0.33 and 0.15.
VI. CONCLUSIONS
We have identified three conduction mechanisms in doped mixed-phase silicon thin films-variable range hopping (Exp-VRH) through exponential band tail states in the grain boundary region, MPH between nanocrystalline grains and activated conduction in the amorphous silicon matrix. A thorough analysis of the transport measurements has been presented and quantitatively correlated with theory. The transition from Exp-VRH to MPH is governed by the phonon populations. Below $130 K, the phonon population decreases rapidly, limiting MPH. Conductivity and thermal FIG. 7 . Depiction of the interface between two nanocrystallites (ncs) including the GB region between them. The band offset between crystalline and amorphous silicon conduction bands is relatively small. The Fermi level is near or above the conduction band edge in the ncs, forcing it to be high in the band tail states in the GB.
FIG. 8. Calculated fractional conductivity, r i /r tot , for each electronic transport mechanism over the measurement temperature range (10-470 K). The 29% film (purple, lower) has no measurable activated component, while an activated component is found in the 20% sample (blue, middle) and 15% sample (green, top). All samples show a significant mix of conduction mechanisms for temperatures greater than 100 K. For clarity, only every fifth data point is displayed.
equilibration measurements indicate that at high temperatures and X C < 20%, transport is dominated by the a-Si:H tissue. Measurements of thermal equilibration effects and estimates of the fractional conductivity due to the activated component are in quantitative agreement. These results demonstrate that, due to the complex microstructure of mixedphase silicon, there are likely several electronic transport channels active simultaneously. In addition to providing a clear link between experiment and theory, this work emphasizes the importance of a sufficient dynamic range in order to accurately determine electronic transport in these technologically important materials.
